INTRODUCTION
Nitrogen is an important element that structures microbial communities by serving as a limiting resource for aquatic and terrestrial productivity (Galloway et al. 2014; Ward and Jensen 2014) . The nitrogen cycle, involving transformations of nitrogen among its six redox states, includes nitrification, which is the energy-yielding conversion of reduced (ammonia/ammonium; NH 3 /NH 4 + ) to oxidized (nitrite/nitrate; NO 2 − /NO 3 − ) forms of nitrogen. Nitrification is an important aerobic process within the global nitrogen cycle (Gruber and Galloway 2008) , with profound influences on the environment through greenhouse gas emissions (Frame and Casciotti 2010) and fertilizer nitrogen leaching (NO 3 − ), the latter resulting in up to 70% loss of nitrogen fertilizer worldwide as well as groundwater pollution (Raun and Johnson 1999) . As a result, understanding controls on the nitrogen cycle and its microbial contributors is essential for informing biogeochemical models and associated land management practices. Although nitrification has been studied for over a century, it was only a decade ago that archaeal genes were discovered that encode ammonia monooxygenase (AMO) in soil and marine samples (Venter et al. 2004; Treusch et al. 2005) . This was followed by the isolation of Nitrosopumilus maritimus strain SCM1, the first representative of ammonia-oxidizing archaea, from sediment of a marine aquarium (Könneke et al. 2005) . Together, these discoveries underlined the potential importance of chemolithoautotrophic ammonia-oxidizing archaea (AOA; formerly mesophilic Crenarchaeota, now Thaumarchaeota) (Treusch et al. 2005; Brochier-Armanet et al. 2008) to global nitrogen cycling. Their counterparts, ammonia-oxidizing bacteria (AOB), were formerly regarded as sole contributors to aerobic nitrification. This changed paradigm of nitrification helped solve the contradiction between the low global abundance of AOB (Hermansson and Lindgren 2001; Altmann et al. 2003; Harms et al. 2003; Limpiyakorn et al. 2005) , despite high in situ nitrification activity in oligotrophic environments where ammonia concentrations were below the threshold for AOB activity (10 μM NH 4 + -N) (Bollmann, Bär-Gilissen and Laanbroek 2002; Auguet et al. 2011) .
In terrestrial environments, archaeal amoA genes have been detected across a wide range of land uses such as grassland, agricultural, pasture and forest soils (Leininger et al. 2006; BoyleYarwood, Bottomley and Myrold 2008; Taylor et al. 2010; Zeglin et al. 2011) . Because the abundance of archaeal amoA genes often exceeds that of bacterial amoA genes (Leininger et al. 2006 ), AOA are likely major drivers of terrestrial nitrification. Nonetheless, the factors influencing soil AOA community composition remain poorly described (Prosser and Nicol 2012) , which is a limitation for a better understanding of their function (Stein and Nicol 2011) . Archaeal community structure is influenced by changing environmental factors such as soil pH (Nicol et al. 2008; Gubry-Rangin et al. 2011) , moisture content (Stres et al. 2008; Angel et al. 2010; Szukics et al. 2010) , temperature (Avrahami and Conrad 2003; Stres et al. 2008) , ammonium availability (Höfferle et al. 2010) and organic carbon (Pesaro and Widmer 2002; Kemnitz, Kolb and Conrad 2007) . In addition, a recent study demonstrated links between the phylogeny of terrestrial Thaumarchaeota and soil pH (Gubry-Rangin et al. 2015) . However, most previous studies of soil AOA have focused only on surface samples, which do not comprehensively represent terrestrial environments; the top soil layer captures only a relatively thin cross section of global soil microbial community biomass. Although Höfferle et al. (2010) reported depth-related changes in archaeal communities of a peat wetland, which is a unique soil system with high soil water saturation and high organic matter content, subsequent research is needed to assess other land usage impacts on soil AOA. In particular, agricultural soils and forest soils are important for further study because they represent substantial proportions of global land use.
Because soil chemical and physical characteristics are depth dependent, and microbial communities are strongly influenced by such factors, overall soil microbial communities display high spatial heterogeneity in relation to soil depth (Fierer, Schimel and Holden 2003) . In terms of ammonia oxidizers, the ratio of AOA to AOB exceeded 1200 as soil depth increased to 40-50 cm (Leininger et al. 2006) , indicating that AOA are better adapted to deeper soils than AOB. Although Hansel et al. (2008) and Watanabe et al. (2010) examined changes of archaeal community composition along a soil depth profile, respectively, no study has been carried out targeting thaumarchaeotal communities in relation to soil depth in agricultural and forest soils, especially correlating environmental variables with thaumarchaeotal community patterns using multivariate statistics. In addition, even though soil texture has been known to select microorganisms by means of pore size, this is the first study that tests the influence of soil texture on thaumarchaeotal community composition and compares thaumarchaeotal communities along soil depth profile associated with both agricultural and forest soils.
Studying AOA community composition and understanding factors that influence niche specialization of individual AOA populations in soils will help to better elucidate how environmental factors impact soil nitrification and nutrient cycling. This study explored thaumarchaeotal biogeography along soil depth profiles among distinct land-use practices at the rare Charitable Research Reserve in Cambridge, Ontario. We used high-throughput sequencing to analyze thaumarchaeotal 16S rRNA genes from soil samples and, in doing this, we asked: (i) What are the dominant thaumarchaeotal taxa in field and forest sites? (ii) Do multiple land usages display similar depth-specific patterns in terms of thaumarchaeotal community composition? And (iii) what factors (e.g. pH, texture, nutrients) influence thaumarchaeotal community composition in soil profiles? (Fig. S1A ). The forest sites have been pristine for at least 100-200 years. The well-drained and calcareous soils were classified as Burford series, with relatively thin A horizons, which is typical for the area along the Grand River (Presant 1971) . Soils from each site were collected by randomly selecting three 5 m × 5 m plots (Fig. S1B) , each containing three randomly dug pits to a total depth of 45 cm (includes both A and B horizons). Soil samples were collected at three depths for each pit: 0-15 cm, 15-30 cm and 30-45 cm (Fig. S1C ). All soils were sampled in August or September 2013, and were also the basis of a previously described bacterial community analysis (Seuradge et al. 2016 Table S1 (Supporting Information), and the raw data are available in an associated bacterial community survey (Seuradge et al. 2016) .
MATERIALS AND METHODS

Site selection and soil sampling
Soil DNA extraction and PCR amplification of 16S rRNA genes
Soil DNA was extracted using the PowerSoil-htp 96 Well Soil DNA Isolation Kit (MO BIO, Carlsbad, CA) according to the manufacturer's protocol. Thaumarchaeotal 16S rRNA genes were targeted with primers 771F (5 -ACGGTGAGGGATGAAAGCT-3 ) and 957R (5 -CGGCGTTGACTCCAATTG-3 ) (Ochsenreiter et al. 2003) , which also contained Illumina-specific adapter and flow cell binding sequences as well as 6-base index sequences for multiplexing (Bartram et al. 2011 
High-throughput sequencing
Triplicate PCR products from each sample were pooled individually and gel quantified (stained with GelRed, 1:10 000 dilution) using AlphaView Software (Alpha Innotech Corp, San Leandro, CA). All samples were pooled together into a single mixture with equal nanogram amounts. This final mixture was electrophoresed on a 1% (w/v) agarose gel that was stained with 1 μg mL −1 ethidium bromide. The correct size 16S rRNA gene amplicon band was gel extracted from primer dimers and purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). The purified library was diluted to 4 nM according to the Qubit 2.0 Fluorometer and the Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad), and the concentration was confirmed by qPCR using the PerfeCTa NGS Quantification Kit for Illumina Sequencing Platforms (Quanta Biosciences, Beverly, MA). The qPCR was carried out in duplicate 20 μL volumes, using Illumina forward primer (5 -AATGATACGGCGACCACCGA-3 ) and Illumina reverse primer (5 -CAAGCAGAAGACGGCATACGA-3 ), and then mixed with 2X PerfeCTa SYBR Green SuperMix (Quanta Biosciences, Beverly, MA). The thermal cycle was as follows: 3 min initial denaturation at 95 
Sequence data processing
Paired-end reads were trimmed by removing 3 and 5 adapters from forward and reverse reads, respectively, using cutadapt v.1.8.3 (Martin 2011 ). This initial trim was done because amplicon lengths were shorter than the read length of the Illumina Miseq Reagent Kit v2 (2×250 bases), which can interfere with subsequent assembly of paired-end reads. Trimmed paired-end reads were further processed by Automation, eXtension, and Integration Of Microbial Ecology (AXIOME; Lynch et al. 2013) and Quantitative Insights Into Microbial Ecology pipelines (Caporaso et al. 2010) . The PANDAseq (Masella et al. 2012 ) algorithm was used to assemble trimmed paired-end reads using a quality threshold of 0.9, and assembled sequences were clustered into operational taxonomic units (OTUs) based on 97% sequence identity by UPARSE (Edgar 2013) , which removed singletons and chimeras de novo. An additional chimera check was performed by UCHIME (Edgar et al. 2011 ) using the RDP (ribosomal database project) classifier training database (Version 9) as a reference. Taxonomy was determined by submitting representative sequences of each OTU to SINA (SILVA Incremental Aligner, Version 1.2.11).
Statistical processing and multivariate analysis
The data were rarefied to 6774 reads for each sample using the phyloseq package (Version 1.10.0; McMurdie and Holmes 2013). The relationships between relative OTU abundance and environmental factors, and between diversity indices and environmental factors, were examined by Spearman correlations.
The effects of land-use type and depth on diversity were examined by two-way ANOVA with Fisher's least significant difference (LSD) procedure. The difference between the relative abundance of the most abundant taxa between field sites and forest sites was tested using the Wilcoxon rank-sum test. Community composition was visualized by non-metric multidimensional scaling (NMDS) using the Bray-Curtis dissimilarity metric. Group homogeneity (forest and field) was tested by betadisper analysis in vegan package (Version 2.3.0), followed by permutational multivariate analysis for variance using dissimilarity matrices (PERMANOVA; Anderson 2001) with 999 permutations to identify environmental factors that correlated significantly with community composition. These environmental factors were further tested by a variance inflation factor to confirm that no colinearity existed among these factors before performing redundancy analysis (RDA). The Hellinger transformation was applied to OTU table to generate the Euclidean distance matrix suitable for RDA (Legendre and Gallagher 2001) . The RDA approach was preferred over canonical correspondence analysis (CCA) because the detrended correspondence analysis (DCA) result demonstrated that the greatest gradient length was less than three standard deviations (Hill and Gauch 1980; Ramette 2007) . Distance-based redundancy analysis (db-RDA) using the Bray-Curtis dissimilarity matrix was carried out to confirm the RDA results. Depth effect within field and forest samples was tested using multi response permutation procedures (MRPP). The NMDS, PERMANOVA, MRPP, RDA and db-RDA were performed using the vegan package (Version 2.3.0) in R v.3. 
RESULTS
Soil conditions
Soil samples spanned a pH range of 6.03-8.07 across all sites, a 6-fold range of organic carbon (OC), a 9-fold range for ammonium (NH 4 + ) and a 11-fold range for nitrate (NO 3 − ) ( Table S1 ).
The soil samples differed significantly in texture (sand, silt and clay content), but showed less difference in physicochemical parameters (pH, OC, NH 4 + and NO 3 − ) (Table S1 ). Field samples (AA, D03, D07 and D10) were more similar to each other in terms of physicochemical parameters, same as forest samples (Table S1 ). Soil samples were analyzed previously for bacterial communities, with results indicating that depth, land usage and associated physicochemical factors impacted community composition (Seuradge et al. 2016) . 
Soil thaumarchaeotal diversity
For the current study, the same DNA extracts used by Seuradge et al. were targeted with thaumarchaeotal PCR primers to identify whether thaumarchaeotal communities were impacted by depth and land usage. A total of 5 352 508 sequences were assembled by PANDAseq and 5 147 563 high-quality assembled 16S rRNA gene sequences were obtained after removal of singletons and chimeras using UPARSE and UCHIME. Beginning with a rarefied OTU table from AXIOME, additional OTUs (56 out of 577) were removed that did not classify to the Thaumarchaeota, with 521 OTUs remaining. After rarefying all remaining data to 6774 reads per sample, 1 205 772 sequences remained in the analysis. Of these, 97.9% of the sequences classified to the genus level within the Thaumarchaeota. Thaumarchaeotal 16S rRNA gene OTU richness (i.e. number of OTUs) was influenced significantly by land-use type (P = 0.002) and depth (P < 0.001). In contrast, both the Shannon index (richness and evenness) and Pielou's evenness index (evenness) differed only between land-use type (P < 0.001) but not among depths (P = 0.663, 0.786, Shannon index and Pielou's evenness index, respectively). Specifically, the OTU richness, Pielou's evenness and Shannon indices were significantly higher (LSD, P < 0.05) in forest sites (CA, H, IW) than those in field sites (AA, D03, D07, D10); OTU richness was lower (LSD, P < 0.05) within surface soils (0-15 cm) compared to subsoils (15-30 cm and 30-45 cm) (Fig. 1) . Among field sites, thaumarchaeotal OTU richness was significantly lower in surface soils (0-15 cm) than in subsoils (15-30 cm or 30-45 cm) (LSD, P < 0.05), but not significantly different between subsoils (data not shown). Neither the Shannon index nor Pielou's evenness index differed among different soil depths. Among forested sites, only 0-15 cm soils and 30-45 cm soils showed significant differences in OTU richness (P < 0.05), and no significant difference was observed for either the Shannon index or Pielou's evenness index (data not shown). The Shannon index, OTU richness and Pielou's evenness index showed correlations with soil characteristics (Table 1) . Soil pH and NO 3 − negatively correlated with both the Shannon index and Pielou's evenness index, whereas NH 4 + showed a positive correlation. Using a linear regression, a clear relationship was observed between soil pH and the Shannon index, and between soil pH and Pielou's evenness, but not between OTU richness and pH (Fig. 2) .
Soil thaumarchaeotal community composition
The majority of the 16S rRNA gene sequences were affiliated with the Soil Crenarchaeote Group (SCG; 87.0%) and the Terrestrial Group (TG; 11.0%), followed by the South African Gold Mine Group 1 (SAGMCG-1; 0.15%) and Marine Group I (MG-I; 0.02%) ( Table S2 , Supporting Information). Both SAGMCG-1 and MG-I were primarily associated with forest site samples, except for four and six samples from the field site with detected SAGMCG-1 and MG-I, respectively. The SCG dominated both field sites and forest sites, with 98.9% and 70.4% relative abundance, respectively (Fig. 3) . For the most abundant groups (SCG and TG), the relative abundance of SCG was significantly higher for field site samples than for those of forest sites (P < 0.01), whereas the relative abundance of TG was significantly higher in forest sites compared to field sites (P < 0.01). At all depths, the relative abundance of uncultured thaumarchaeotal sequences was higher in DNA extracts from forest soils than those from field site soils (Fig. 3) . Most of the forest sites had distinct AOA communities, in relation to the field sites, such that the forest samples grouped distinctly within ordination space (Fig. 4A) , which was associated with visible differences in the corresponding AOA communities (Fig. 4B) . The field sites were characterized by SCG, whereas the forest sites were associated more with TG. Besides the overall difference between forest and field sites, samples from each depth were also separated by land-use type within ordination space when data were analyzed at the OTU level (Fig. S2 , Supporting Information). The AOA community composition of individual sites associated with distinct land usages showed distinct depth profiles (Fig. S3, Supporting Information) . For example, topsoil samples (0-15 cm) separated from subsoil samples (15-45 cm) for all field sites, although site D03 showed a clearer separation between 15-30 cm and 30-45 cm depths than other field sites. Samples from the active agriculture site were similar to those of the samples from decommissioned sites, so we grouped all field site samples (AA, D03, D07 and D10) together for further analysis, given the homogeneity among field samples, in order to reduce the complexity of data presented. For the three forest sites, AOA community sample profiles were more homogeneous at all depths. Relating the relative abundance of thaumarchaeotal groups with environmental variables, OTUs affiliated with the TG correlated negatively with pH (Fig. S4A , Supporting Information), whereas SCG showed a positive correlation with pH (Fig. S4B) .
In terms of samples from the same land-use type (forest or field), the field samples formed distinct groups based on soil depth (MRPP; A = 0.09, P < 0.001), whereas samples from forest sites did not show such separation (MRPP; A = -0.01, P = 0.61) (Fig. S3) . By performing PERMANOVA, pH, NO 3 − , OC, NH 4 + and silt content impacted total sample profiles (Fig. 5) .
For field samples, depth, OC, NO 3 − , NH 4 + and soil texture (silt, clay and gravel content) impacted community composition, whereas only pH and NO 3 − explained community composition dissimilarity among forest samples significantly (Fig. 5) . Using RDA, the distribution of thaumarchaeotal communities in different soil samples and their relationship with soil environmental variables were examined and visualized ( Fig. 6 ; db-RDA, Fig. S5 , Supporting Information). Across all samples analyzed in this study, thaumarchaeotal communities were mainly distributed along soil pH and NH 4 + gradients, with higher pH for field samples and higher NH 4 + for forest samples (Fig. 6A, Fig. S5A ). Forest samples were affected by soil pH and NO 3 − concentration, but there was no consistent separation among forest soils by depth or site (Fig. 6B, Fig. S5B ). In terms of field sites, subsoil samples (15-30 cm or 30-45 cm) separated from surface samples (0-15 cm), likely due to the decrease of NO 3 − , NH 4 + and OC content, and the increase of gravel content with deeper samples. The D07 and active agriculture site samples were separated from all other field sites mainly along the sand gradient. The D03 site corresponded to increased clay content and decreased sand content, suggesting the importance of soil texture in shaping thaumarchaeotal community composition for samples from this site (Fig. 6C, Fig. S5C ).
DISCUSSION
Based on high-throughput 16S rRNA gene sequence results, both field and forest sites were dominated by the SCG (soil group 1.1b), which agreed with previous findings showing group 1.1b as the main archaeal lineage in soils (Auguet, Barberan and Casamayor 2009; Höfferle et al. 2010; Bates et al. 2011; Tripathi et al. 2015) . However, this result might also be influenced by the commonplace thaumarchaeotal primer set (e.g. Lehtovirta, Prosser and Nicol 2009; Gubry-Rangin, Nicol and Prosser 2010; Sauder et al. 2012 ) that we used, which has a high specificity for members of the Thaumarchaeota (771F) and the soil 1.1b group (957R) (Hong, Kim and Cho 2014) . Nonetheless, the relative abundance of SCG was higher at field sites than that at forest sites, indicating that although group 1.1b dominated most soil samples, land-use type could influence the relative abundance of this group. In contrast, group 1.1a archaea are more rare in soils sampled previously (Ochsenreiter et al. 2003; Nicol et al. 2005) . A recent study by Tripathi et al. (2015) reported a higher abundance of group 1.1a archaea in acidic soils (mean pH = 5.4). However, we detected Marine Group I (marine group 1.1a) archaea in forest soils with (A) (B) Figure 4 . NMDS (stress value: 0.14) ordinations of (A) all samples under different land usage and depth based on 16S rRNA gene OTUs (97% sequence identity) and (B) thaumarchaeotal taxa of all samples within the same ordination space.
pH ranges higher than this previous work (pH ranges 6.4-8.0). This pattern demonstrates that group 1.1a Thaumarchaeota are not limited to acidic soils, but can adapt to neutral or slightly alkaline soils. Considering that Candidatus Nitrosotenuis chungbukensis (soil cultivated representative of group 1.1a) is neutrophilic (optimum pH: 7-7.5) (Jung et al. 2014) , it is not surprising to find 1.1a Thaumarchaeota in neutral forest soils. However, it is interesting to note that Ca. Nitrosotenuis chungbukensis was cultivated from a C horizon soil (Jung et al. 2014 ) whereas in our study, group 1.1a 16S rRNA genes were detected at all sampled depths (0-45 cm), including samples from horizons A and B, indicating the capability of group 1.1a to adapt to not only oligotrophic deep soil horizons but also a wider range of soil niches along a depth profile. The sequences classified as TG in our study were associated with the 1.1c group. This group, being reported in association with acidic forest soils (Bomberg and Timonen 2007) , was found in all soil depths (including A and B horizons) at the forest sites in our study, contrasting with previous results demonstrating an absence of the 1.1c group Thaumarchaeota in the A horizon (Hansel et al. 2008) . Since the first report of group 1.1c in a Finnish boreal soil (Jurgens, Lindström and Saano 1997) , Weber et al. (2015) recently reported that, unlike group 1.1a or 1.1b, 1.1c does not use ammonia as an energy source. Given that group 1.1c sequences were found in relatively high abundance in forest soils (Kemnitz, Kolb and Conrad 2007; Stopnišek et al. 2010; Catão et al. 2013) , as well as in acidic agricultural soil (Lehtovirta, Prosser and Nicol 2009) , they may contribute a unique metabolism other than nitrification, which expands the possibility for discovery of more potential keystone roles for members of the Thaumarchaeota.
One caveat of the primers used in this study is relatively poor coverage of group 1.1c Thaumarchaeota (Hong, Kim and Cho 2014) , which might underestimate the abundance of this group in these soil samples. Nonetheless, the successful detection of abundant 1.1c group Thaumarchaeota among all soil samples indicates a potential high relative abundance of this group in situ. Indeed, a previous study by Yarwood, Bottomley and Myrold (2010) reported that the 1.1c group accounted for 20%-25% archaeal abundance in Oregon forest soils. The inability to detect 1.1c-associated amo genes (Yarwood, Bottomley and Myrold 2010; Weber et al. 2015) raised the question of their biogeochemical roles in situ. As pointed out by Weber et al. (2015) , the possibility of possessing novel amoA genes by members of the (A) (B) (C) Figure 6 . RDA plots of thaumarchaeotal community structure (based on 16S rRNA gene OTUs at 97% sequence identity) of (A) all samples among different depth and land usage, (B) forest samples among different depth and sites and (C) field samples among different depth and sites.
1.1c group cannot be ruled out, and it might be interesting to test the effect of AOA amoA-specific inhibitors on the growth and activity of this group.
Thaumarchaeotal OTU richness and diversity was significantly affected by soil pH, which is also known to alter bacterial community composition and diversity (Fierer and Jackson 2006) . Similar results of pH affecting thaumarchaeotal communities were reported by Tripathi et al. (2015) in a large-scale survey of tropical and temperate soils. In our study, both the Shannon index and OTU richness negatively correlated with soil pH (Table 1, Fig. 2 ). However, a peak in OTU richness around neutral pH was reported previously (Gubry-Rangin et al. 2011; Pester et al. 2012; Tripathi et al. 2015) . This negative correlation could be due to the relatively narrow range of pH sampled in this study, which did not include many acidic soils with pH below 4, resulting in a linear relationship instead of unimodal relationship. But the slightly higher OTU richness around pH 5-6 than that around alkaline pH suggested that more of the AOA taxa in this study were adapted to slightly acidic conditions. AOA may be more tolerant to low pH than their counterparts, the AOB, in terms of relative abundance (e.g. Leininger et al. 2006; Gubry-Rangin, Nicol and Prosser 2010; Lu, Bottomley and Myrold 2015) , and Nicol et al. (2008) reported that AOA amoA gene copy numbers decreased as pH increased. Our study found a significant decrease of thaumarchaeotal OTU evenness with pH, indicating a greater variation in the number of OTUs in alkaline soils than neutral or acidic soils. This pattern suggested that at least the abundance of some OTUs changed as pH increased. To date, little evidence supports the presence of AOA in soils with pH values exceeding 8 (Wuchter et al. 2006; Zhang et al. 2008) .
Importantly, our study demonstrates that thaumarchaeotal OTU richness was lower in surface soil (0-15 cm) than in subsoils (15-30 and 30-45 cm), which agreed with previous observations that archaeal OTU richness was lowest in the B horizon and highest in the C horizon (Hansel et al. 2008) . In our study, we found that thaumarchaeotal OTU richness changed with depth differently in field site soils in comparison to forest site soils. In field site soils, thaumarchaeotal OTU richness within shallow soil samples was significantly lower than that within either 15-30 or 30-45 cm soils. In forest soils, richness only differed between 0-15 and 30-45 cm soils. In terms of thaumarchaeotal community structure, however, depth was a significant variable only for field sites. Based on RDA results, NH 4 + , NO 3 − and OC content decreased with depth (15-30 and 30-45 cm) . This pattern indicates the importance of nitrogen and carbon in shaping AOA communities, supporting the niche hypothesis that indicates the importance of physical and chemical properties in supporting the growth and activity of a particular nitrifying taxon (Schleper 2010) . All available AOA cultures possess an autotrophic metabolism (Könneke et al. 2005; de la Torre et al. 2008; Hatzenpichler et al. 2008; Jung et al. 2011; LehtovirtaMorley et al. 2011; Tourna et al. 2011; Lebedeva et al. 2013) , but some also demonstrate heterotrophic or mixotrophic growth (Tourna et al. 2011; Stieglmeier et al. 2014) . Our results suggest an OC effect on AOA community composition within field sites, suggesting differences in potential carbon source preferences among different AOA subgroups along the depth profile. Previous research with acidic forest soils also showed the effect of OC on archaeal community structure (Pesaro and Widmer 2002; Kemnitz, Kolb and Conrad 2007) . Overall, we found that thaumarchaeotal community structure was more homogeneous throughout the entire 45 cm depth profile for the forest sites than that for the field sites, with pH and NO 3 − as the most significant variables shaping community composition. On the other hand, although NO 3 − accumulation can be contributed by both AOA and AOB, our study shows that the AOA community of field and forest sites, together with higher NO 3 − accumulation at field sites, might suggest activity differences corresponding to distinct AOA communities. Similarly, for the field sites only, the NO 3 − vector indicates that surface soils might have a higher nitrification activity than subsoils due to distinct AOA communities (Fig. 6) . The total microbial community structure has been shown to shift along soil depth profiles within the top 40 cm by measuring microbial C-to-N ratio in a spruce forest (Matejek et al. 2010) . Although changing soil environmental factors along the soil profile, such as temperature and moisture, were suggested to cause the shift in detected microbial communities, no analysis was done to correlate these proposed environmental factors with the changing C-to-N ratio. In our study, soil moisture was also measured, but was not shown as a significant factor influencing thaumarchaeotal community composition or diversity.
The thaumarchaeotal community structure differences along soil profiles for field samples were also shown to be influenced by soil particle size. Based on RDA results, for example, the vector for 15-30 cm showed an acute angle with clay content and gravel content, suggesting that clay and gravel increased within depth 15-30 cm. The gravel content increased as soil depth increased to 45 cm, but not clay content. Soil aggregates can support different microbial communities by physically excluding certain types of microbes in favor of others (Bales et al. 1989) , or by changing water tension (Treves et al. 2003) and oxygen diffusion flux rates (Greenwood and Goodman 1967) , which are essential for microbial metabolism. Given differing soil texture profiles due to parent material among geological locations, the distribution of ammonia oxidizers may vary by location, suggesting texture-associated nitrification potential. This pattern might also imply that studying niche separation of AOA should also take into account the interactions of soil texture with other physicochemical characteristics such as soil organic matter content, making interpretation of the underlying constraints on AOA biogeography more complex.
CONCLUSION
Our study demonstrated that soil thaumarchaeotal community structure is closely related to soil pH, and that soil pH is the variable that best explained the separation of thaumarchaeotal communities among field and forest sites. Soil land-use type impacted thaumarchaeotal community composition with depth for field samples, but not for forest samples collected in this study. Nitrogen and organic carbon content also influenced AOA community composition. To our knowledge, this is the first study showing the effects of soil mineral structure on thaumarchaeotal community composition, and the first one comparing thaumarchaeotal communities along soil depth profile associated with both agricultural and forest soils with consistent underlying geology. Considering the community differences along different soil depths, and the ubiquity of soil Thaumarchaeota, it will be important for future research to clarify the relative contributions of these nitrifier groups to ammonia oxidation as a function of soil depth.
